The diurnal variation in acetaminophen (APAP) hepatotoxicity (chronotoxicity) reportedly is driven by oscillations in metabolism that are influenced by the circadian phases of feeding and fasting. To determine the relative contributions of the central clock and the hepatocyte circadian clock in modulating the chronotoxicity of APAP, we used a conditional null allele of brain and muscle Arntlike 1 (Bmal1, aka Mop3 or Arntl) allowing deletion of the clock from hepatocytes while keeping the central and other peripheral clocks (e.g., the clocks controlling food intake) intact. We show that deletion of the hepatocyte clock dramatically reduces APAP bioactivation and toxicity in vivo and in vitro because of a reduction in NADPH-cytochrome P450 oxidoreductase gene expression, protein, and activity.
The diurnal variation in acetaminophen (APAP) hepatotoxicity (chronotoxicity) reportedly is driven by oscillations in metabolism that are influenced by the circadian phases of feeding and fasting. To determine the relative contributions of the central clock and the hepatocyte circadian clock in modulating the chronotoxicity of APAP, we used a conditional null allele of brain and muscle Arntlike 1 (Bmal1, aka Mop3 or Arntl) allowing deletion of the clock from hepatocytes while keeping the central and other peripheral clocks (e.g., the clocks controlling food intake) intact. We show that deletion of the hepatocyte clock dramatically reduces APAP bioactivation and toxicity in vivo and in vitro because of a reduction in NADPH-cytochrome P450 oxidoreductase gene expression, protein, and activity.
circadian clock | acetaminophen toxicity | NADPH-cytochrome P450 oxidoreductase | chronotoxicity | Bmal1 A cetaminophen (APAP) is generally regarded as safe at recommended doses, but at higher doses it is well-reported to cause significant hepatotoxicity in humans (1) . APAP overdose is the number one cause of acute liver failure in many western countries including the United States, Canada, and Great Britain, with up to half of these cases being accidental (2) (3) (4) . At recommended doses, the large proportion of APAP is detoxified by direct enzymatic conjugation to sulfate or glucuronic acid, but a small percentage is bioactivated to the toxic metabolite N-acetyl-p-benzoquinone imine (NAPQI) by cytochromes P450. When glutathione levels are high, small amounts of NAPQI can be detoxified efficiently in the hepatocyte by conjugation to glutathione. When glutathione is low, NAPQI forms direct macromolecular adducts and also generates reactive oxygen and nitrogen species that damage cellular proteins and disrupt cellular processes (1) .
Acetaminophen, like many pharmaceutical agents, is thought to exhibit chronotoxicity because it displays variation in toxicity over a 24-h (circadian) period (5, 6) . Although the mechanisms underlying APAP chronotoxicity are unclear, past research shows that toxicity is inversely correlated with liver glutathione levels that rise and fall with the daily phases of feeding and fasting. That is, high glutathione levels after feeding correlate with protection, whereas low glutathione levels after fasting correlate with susceptibility (6) . The importance of food intake in chronotoxicity is supported by data showing that shifting the food intake of mice to their typical fasting phase also shifts glutathione rhythms and APAP chronotoxicity (7) (8) (9) . Although the importance of glutathione is often emphasized, it also has been proposed that variations in cytochrome P450 activity may be important in chronotoxicity (10) . In this regard, ketones generated during the fasting phase have been proposed to increase levels of a specific APAP-metabolizing cytochrome P450, such as CYP2E1, presumably via ligand stabilization (11, 12) . Collectively, these data have led to the idea that feeding-and fasting-driven oscillations in glutathione and the cytochromes P450 are major determinants of APAP chronotoxicity in the liver.
In mammals, circadian physiology is directed by the transcription factors CLOCK and BMAL1 (aka MOP3, ARNTL) (13) . These molecular clock components control transcriptional and translational feedback loops that guide the circadian expression of as much as 15% of the mammalian transcriptome (14, 15) . Emerging models of circadian biology suggest that the majority of cells throughout the body have their own molecular clocks and that a central clock in the suprachiasmatic nucleus (SCN) of the brain, entrained by environmental cues such as light, plays a role in synchronizing peripheral cellular clocks through its influence over activity/resting periods that determine food intake (16, 17) . In fact, food intake may be a dominant synchronizer of peripheral clocks, because restricting food intake in the presence of normal light cues shifts the phase of peripheral cellular clocks (18) .
We propose that APAP chronotoxicity is controlled by two distinct molecular clocks, the central clock within the SCN and a peripheral clock in the hepatocyte. We propose that the central clock influences toxicity through feeding/fasting-related metabolic products, such as glutathione or ketones, and the hepatocyte clock influences toxicity Significance Acetaminophen toxicity is significantly influenced by the hepatocyte circadian clock through its control of xenobiotic metabolizing systems. We have found that, although the central circadian clock can influence detoxification through glutathione biosynthesis, the autonomous hepatocyte circadian clock also controls major aspects of acetaminophen (APAP) bioactivation. One mechanism by which APAP bioactivation is controlled is through the clock's regulation of cytochrome P450-dependent activity through NADPH-cytochrome P450 oxidoreductase.
through its control of cytochromes P450. If this model is correct and the hepatocyte clock is an important player in APAP chronotoxicity, then we should see differential toxicity in an animal model in which only the hepatocyte circadian clock has been disrupted and the central clock and feeding rhythms are intact. In contrast, if food-induced oscillations are the primary drivers of toxicity, then we would anticipate that the ablation of the hepatocyte clock would have little effect on chronotoxicity. To test this hypothesis, we created a conditional null allele of Bmal1, an essential component of the circadian clock (13) , to disrupt the molecular clock in hepatocytes while keeping the central and other peripheral clocks intact. Using this model, we demonstrate that the hepatocyte clock, through regulation of NADPH-cytochrome P450 oxidoreductase (Por), independently controls bioactivation of APAP. 
Results

Bmal1
Cre
Alb mice were 23.7 ± 0.06 h and 23.7 ± 0.05 h, respectively. Spectral analysis using fast Fourier transforms detected high-amplitude periodicity in the circadian range for both genotypes (Fig. 1B) . Activity levels, measured as wheel revolutions, were similar for WT and Bmal1 fx/fx
Alb mice, with higher activity in the dark phase than during the light period (Fig. 1B) . The ratio of food consumed during the subjective night/ day (i.e., dark/light phase) showed no difference between WT and Bmal1 fx/fx
Alb mice, with both genotypes showing a twofold increase in food consumption during the dark phase (P = 0.88). In contrast, the dark/light ratios of food consumption by global Bmal1-null animals were significantly different from those of C57BL/6J controls (P < 0.05) (Fig. 1C ).
Bmal1 and the Hepatocyte Clock Drive the Majority of Transcriptional
Oscillations in the Liver. To confirm that Cre Alb -mediated excision of the conditional Bmal1 fx allele did not affect the central circadian clock, we examined the expression of two prototype molecular clock-regulated genes, Per2 and Bmal1, in the SCN using in situ hybridization. We observed that WT and Bmal1 fx/fx Cre Alb mice showed similar diurnal expression of both Bmal1 and Per2 in the SCN over a 24-h period (P < 0.05 with respect to time, P > 0.05 with respect to genotype) ( Fig. 1 D and E) .
To determine if circadian oscillations in transcription were disrupted in hepatocytes and to examine the effect on other peripheral sites, we performed expression microarrays on liver and kidney from WT and Bmal1 fx/fx
Cre
Alb mice. Animals were killed every 4 h in two separate 24-h experiments, one using 10-wk-old mice and one using 20-wk-old mice. We performed COSOPT analysis on the microarray results and found 5.6% of the expressed transcripts in liver and 1.8% of the expressed transcripts in kidney oscillated with a circadian periodicity [20-28 h, mean measure corrected P value (pMMC-β) < 0.05] in WT mice ( Fig. 2A 
Alb mice with 300 mg/kg APAP at ZT0 and ZT12. We observed that when mice were given APAP at ZT0 and were killed 6 h later, both WT and Bmal1 fx/fx
Alb mice displayed normal liver histology and normal serum ALT levels ( Fig. 3 A and B) . In contrast, we observed significant differences between genotypes when mice were administered the same dose of APAP at ZT12 and were killed 6 h later. APAP-treated WT mice displayed extensive multifocal centrilobular necrosis, extending to the midzonal region, fragmented hepatic plates, hepatocellular dropout, dilated sinusoids, and neutrophil inflammation (Fig. 3A) . Consistent with the histopathological findings, serum ALT levels in WT mice were markedly elevated compared with saline-treated controls (Fig. 3B) . In contrast, the livers from APAP-treated Bmal1 fx/fx Cre Alb mice displayed no histological evidence of centrilobular necrosis or fibrosis, normal hepatocellular architecture was maintained (Fig. 3A) , and no significant increase in serum ALT levels was observed (Fig. 3B) . Cre Alb mice showed diurnal expression of Bmal1 (D) and Per2 (E) over a 24-h period in the SCN (P < 0.0001 for both genes with respect to time; P = 0.33 and P = 0.76 for Bmal1 and Per2, respectively, with respect to genotype; two-way ANOVA). All data represent means ± SEM. Also see Fig. S1 . electrophilic attack on cellular macromolecules correlated with differential toxicity, we measured APAP protein adducts by Western blot using an antibody raised against APAP-protein conjugates (20) . As qualitative evidence for circadian times when NAPQI formation overwhelmed cellular glutathione stores and was free to alkylate cellular proteins, we show extensive APAP protein adduct formation at ZT12 but not at ZT0 in WT mice. In contrast, Bmal1 fx/fx Cre Alb mice showed no significant protein alkylation at either ZT0 or ZT12 (Fig. 3C and Fig. S2 ).
Differential Expression of Genes Involved in APAP Metabolism. To identify candidate enzymes that could be responsible for differential toxicity at ZT12, we analyzed our microarray data to examine the expression of genes with potential relevance to APAP metabolism in mice. Of these, Por, Ugt1a9, Sult1a1, and Abcb1b exhibited consistent down-regulation in Bmal1 fx/fx Cre Alb liver microarrays compared with WT liver microarrays. No genes were consistently up-regulated (Fig. S3) . Quantitative PCR analysis supported the array data for Por, Ugt1a9, and Abcb1b, but Sulf1a1 expression showed no difference in livers of Bmal1 fx/fx
Alb and WT mice (Fig. S4 ).
Differential Glutathione Depletion in WT and Bmal1
fx/fx Cre Alb Mice at ZT0 and ZT12. We next evaluated the effect of APAP treatment on total glutathione [oxidized glutathione + glutathione (GSSG + GSH)] content in WT and Bmal1 fx/fx Cre Alb liver at ZT0 and ZT12. We found higher glutathione levels in control (untreated) liver at ZT0 than at ZT12 in both WT and Bmal1 fx/fx Cre Alb animals, as is consistent with reports that these levels increase in response to nocturnal feeding (P < 0.05, one-tailed Student t test) ( Fig. 4A) (21) . Glutathione levels were similar in untreated WT and Bmal1 fx/fx
Cre
Alb animals, and APAP treatment decreased liver glutathione at both time points in both WT and Bmal1 fx/fx Cre Alb mice (P < 0.05, Student one-tailed t test) ( Fig. 4A) (6) . At ZT0, APAP treatment decreased WT and Bmal1 fx/fx Cre Alb liver glutathione levels to 19% and 30%, respectively, of the levels in controls (P < 0.05). At ZT12 glutathione in APAP-treated WT animals was depleted to 9% of control levels, consistent with increased toxicity at this time point. In contrast, glutathione in APAP-treated Bmal1 fx/fx Cre Alb animals was depleted to 32% of control levels (P < 0.05) (Fig. 4A ).
Altered Kinetics of APAP Metabolism in Bmal1
fx/fx Cre Alb Mice. To determine why liver glutathione levels after ZT12 APAP treatment were higher in Bmal1 fx/fx Cre Alb mice than in WT mice, we monitored levels of APAP and its major metabolites at 30, 60, and 120 min after dosing at ZT11 (Fig. 4B) . At 30 min postdose, APAP levels were significantly higher in Bmal1 fx/fx Cre Alb than in WT liver (P < 0.05), but APAP-glutathione (APAP-GS) and APAP-glucuronide (APAP-Gluc) conjugates showed no significant difference (Fig. 4B ). In contrast, at 60 min postdose APAP levels were similar in the two groups, but APAP-GS and APAPGluc levels were significantly higher in Bmal1 fx/fx Cre Alb mice (P < 0.05 for each) (Fig. 4B) . At 120 min postdose, APAP was below the limit of detection in four of four WT mice and in three of four Bmal1 fx/fx Cre Alb mice. APAP-GS and APAP-Gluc were detectable in all animals and showed no difference between genotypes at this time point (Fig. 4B ). Cumulative APAP-sulfate levels from the three time points were 18 and 12 ng/mg in the livers of WT and Bmal1 fx/fx Cre Alb mice, respectively. This minor metabolite made up only ∼1% of total APAP metabolism and was not significantly different between genotypes (Fig. S5 ). The degradation products APAP-N-acetyl cysteine (APAP-NAC) and APAP-cysteine/APAP-cysteine-glycine (APAP-Cys) also were detected at low levels and reflected levels of the parent compound, APAP-GS (Fig. S5 ). Decreased APAP Bioactivation in Bmal1 fx/fx Cre Alb Microsomes. We performed in vitro studies to assess microsomal metabolism from WT and Bmal1 fxfx Cre Alb mouse livers harvested at ZT0 and ZT12 (Fig. 4C) . Formation of APAP-NAC, a marker of APAP bioactivation to NAPQI, was measured. Microsomes harvested from WT mice at ZT0 and ZT12 showed no significant difference in APAP-NAC formation (P > 0.05). Bmal1 fxfx Cre
Alb microsomes exhibited lower activity regardless of the time of day. Formation of APAP-NAC in ZT0 and ZT12 microsomes was 45% and 43% of that in WT microsomes at ZT12 (P < 0.05 for each).
To determine if specific APAP-metabolizing cytochromes P450 could account for the decreased APAP-NAC formation in ZT12 microsomes, we performed enzymatic assays for Cyp2e1 and Cyp1a2, because mice lacking these isoforms are protected from APAP hepatotoxicity (22) . The activity of Cyp2e1 was 71% of WT (P < 0.05), whereas Cyp1a activity was not significantly different from WT (P = 0.12). Activity of the non-APAP metabolizing Cyp2b was decreased to 76% of control (P < 0.05). Despite these decreases in P450-dependent activities, total P450 content in Bmal1 fx/fx
Cre
Alb microsomes was not decreased but instead showed an increase (which was not statistically significant) to ∼150% of control (P = 0.08). (Fig. S6) . 
Alb liver (Fig. S3) . We found microsomal POR activity was decreased in Bmal1 fx/fx
Alb liver microsomes, being 53% and 55% of WT microsomal POR activity at ZT0 and ZT12, respectively (Fig. 4D) . In support of previous findings, reduced POR-dependent cytochrome c reductase activity and protein levels at ZT12 (62% and 67% of control, respectively) were found in liver microsomes generated from haploinsufficient mice heterozygous for Por (Por +/− mice) (Fig. 4E) 
Alb microsomes (Fig. 4 G and H).
Discussion
We set out to define the relative contributions of the central clock and the hepatocyte clock in the chronotoxicity of APAP.
To this end, we used a Bmal1 fx/fx Cre Alb mouse model in which the transcriptional circadian clock within hepatocytes is deleted, whereas peripheral clocks in other cell types, including the central clock within the SCN, are maintained. The power of this model lies in the fact that circadian rhythms of behavioral activity and, importantly, food intake, driven by the central clock can oscillate normally, whereas the hepatocyte clock and its associated biology can be disrupted. The explicit hypothesis tested in this study was that APAP chronotoxicity is the result not only of circadian feeding/fasting-associated metabolism controlled by the central clock but also of transcriptional oscillations of APAPmetabolizing genes driven by the hepatocyte clock.
To validate our mouse model, we first demonstrated that Bmal1 fx/fx Cre Alb (hepatocyte-null only) mice display normal extrahepatic circadian rhythmicity as demonstrated by locomotor activity, feeding patterns, and circadian gene expression in the SCN and kidney. These data are consistent with data from another conditional Bmal1 model and are in contrast to the global Bmal1-null model (13, 24) . We also demonstrated the functional disruption of the hepatocyte clock by describing the marked decrease in the number and amplitude of oscillating transcripts in the liver. This result is in line with that of a different mouse model of hepatocyte circadian disruption in which the hepatocyte clock is arrested by the overexpression of REV-ERB alpha, a repressor of BMAL1 (25) . We propose that the small percentage of oscillating liver transcripts not disrupted by hepatocyte deletion of Bmal1 represent transcripts from other cell types in the liver where the albumin promoter is not active (e.g., endothelial, Kupffer, and stellate cells, among others) or represent transcripts that are entrained by the central clock through factors such as feeding or hormones. These results demonstrate that the great majority of 
We present data indicating that, although food-induced oscillations in glutathione levels driven by the central clock are an important contributor to APAP chronotoxicity, there also is a significant contribution from bioactivation events driven by the hepatocyte clock. Two observations support this conclusion. First, we report that, although WT mice exhibited APAP chronotoxicity (i.e., toxicity at ZT12 but not at ZT0), Bmal1 fx/fx Cre Alb mice were consistently resistant. This lack of chronotoxicity was evidenced even though feeding rhythms of WT and Bmal1 fx/fx Cre Alb mice were similar at both time points. Second, we report that the APAP bioactivation product NAPQI was formed in greater amounts, liver glutathione depletion was greater, and formation of NAPQIadduction to cellular protein was greater in WT mice than in Bmal1 fx/fx Cre Alb mice at ZT12. These experiments led us to conclude that, although hepatic glutathione oscillates in response to feeding and is an important nucleophilic sink for NAPQI, the hepatocyte molecular clock driven by Bmal1 plays an important role in APAP toxicity via control of bioactivation to NAPQI.
In support of the idea that APAP bioactivation to NAPQI is under the control of the hepatocyte clock, we offer the following observations. First, we observed slower rates of APAP metabolic clearance in Bmal1 fx/fx Cre Alb mice at ZT12 than in WT mice (as shown by a decreased rate of disappearance of parent APAP and slower rates of production for both APAP-Gluc and APAP-GS conjugates). Second, depletion of glutathione and formation of APAP-protein adducts also was greater in WT than in Bmal1 fx/fx
Cre
Alb animals around ZT12, as is consistent with decreased NAPQI production. Although we observed decreased APAP-GS levels in WT mice at 60 and 120 min postdose, we argue that these lower levels reflect depleted glutathione stores resulting from increased NAPQI production, allowing unconjugated NAPQI to spill over to secondary sites within cellular proteins. This increased electrophilic attack on cellular protein is supported by Western blots showing significant quantities of APAP adducts on cytosolic proteins in WT liver but not in Bmal1 Cre Alb as compared with WT livers. This decreased conversion of APAP to NAPQI allows prolonged clearance of APAP via the glucuronidation pathway and explains much of the protection from chronotoxicity seen in Bmal1 fx/fx Cre Alb mice at ZT12, a time when glutathione levels are insufficient to prevent toxicity. We interpret these results as suggesting that hepatocyte clockdriven mediators of APAP bioactivation play a significant role in APAP toxicity.
To determine the underlying cause of decreased APAP bioactivation at ZT12, POR was evaluated because of the circadian oscillation of POR mRNA in our own and other studies (26, 27) and its position as the source of electrons for cytochrome P450-dependent metabolism. In addition, our observation of decreased Por expression in Bmal1 fx/fx
Alb was the only candidate gene identified in our gene-expression studies that could explain decreased toxicity (Fig. S3 ). In keeping with this idea, we observed that enzymatic activity of POR in Bmal1 fx/fx Cre Alb liver microsomes also was decreased compared with WT and correlated with the decrease in APAP bioactivation seen in Bmal1 fx/fx
Alb microsomes suggesting that this electron donor may be rate limiting for the P450 activities responsible for NAPQI generation. The activity of POR in vitro has been shown to be limiting with respect to electron donation for several different P450 isoforms and substrates (28, 29) , and human POR polymorphisms have been reported to contribute to variations in drug metabolism (30) . The decrease in APAP-induced hepatotoxicity in Por +/− mice at ZT12
indicates that POR is an important modulator of APAP hepatotoxicity in vivo. In further support of this model, the trend seen in our data of decreased microsomal APAP bioactivation despite increased total P450 content also is found in POR hypomorphic mice (29) . These data led us to conclude that the loss of induction of POR transcription/activity by ablation of the hepatocyte clock is a major contributor to the decreased bioactivation and protection from toxicity seen in Bmal1 fx/fx Cre Alb mice in vivo. Given POR's position as the electron donor for cytochromes P450, it became a candidate to explain the circadian control over the metabolic bioactivation of APAP by the circadian clock. Similar to data from other laboratories, our transcriptional analysis showed robust oscillations in Por mRNA in WT mice (14, 26, 27) . Moreover, at ZT0 and ZT12, Bmal1 fx/fx Cre Alb mice showed consistently decreased levels of POR protein and activity under ad libitum feeding and LD 12:12 conditions. Despite clear mRNA rhythms, in two different experiments we were not able to identify circadian oscillations in POR protein or activity under these conditions in WT mice. This result is in contrast to three independent reports that POR protein does display a circadian oscillation in the liver (26, 31, 32) . Interestingly, the reported peak phases of POR protein oscillations vary significantly in these prior reports (approximately ZT8, ZT19, and ZT0/24). The basis for these disparate findings is unknown at the present time, but some component, such as ad libitum feeding, which previously has been shown to disrupt circadian amplitude, may be a contributing factor.
Taken together, these data support a scenario in which APAP chronotoxicity is caused by an imbalance between APAP detoxification and bioactivation which is influenced in different ways by two different circadian oscillations. In one, APAP detoxification is regulated by the central circadian clock that regulates feeding schedules which directly drive glutathione levels and indirectly drive some P450 activities (Cyp2e1) in the liver (11, 12) . In the other, the hepatocyte circadian clock regulates the transcription of genes involved in APAP oxidation. Our demonstration that Por +/− mice mimic the decreases in Por mRNA, protein, and APAP-induced toxicity seen in Bmal1 fx/fx
Alb mice supports the idea that chronotoxicity of APAP occurs, in part, through the mRNA oscillations of this P450 electron donor.
The regulation of POR by the hepatocyte circadian clock could have far-reaching consequences on drug metabolism beyond that of APAP, given it is the electron donor for all cytochromes P450. Further studies will be needed to address the physiological and toxicological consequences of such regulation under more clinically relevant conditions. Although our animal model is able to separate the effects of two distinct circadian oscillators, it is difficult to predict how natural disruptions in these oscillators affect POR expression and activity. It is known that circadian patterns of feeding and activity can be reset in the SCN quickly after long-distance travel or shift work, but the molecular clock at certain peripheral sites, such as the liver, can take up to 8 d to reset (18) . Thus, circadian oscillations in foodinduced levels of GSH and transcriptional output genes easily could become asynchronous, and one can assume that the livers of rotating shift workers or frequent intercontinental travelers are rarely entrained. Although the APAP dose used in this study represents extreme acute hepatotoxicity and is well above suggested therapeutic doses, it provides a proof of concept that these populations may be at differential risk from exposure to hepatotoxicants such as APAP. Based upon a more thorough mechanistic understanding of this biology, we may be able to identify such individuals and reduce exposures or alter shift-working paradigms to those more conducive to human health. Potentially of greater importance is that the application of this knowledge to other important toxicants, especially chemotherapeutics, may provide clues that allow better control of dosing paradigms used to treat a variety of important human diseases.
Experimental Procedures
Analysis of Circadian Locomotor Activity and Feeding Rhythms. Animal procedures were approved by the Animal Care and Use Committee of the School of Medicine and Public Health, University of Wisconsin-Madison. A detailed description of the generation of WT mice and subsequent crosses is included in SI Experimental Procedures. Locomotor activity and wheel-running activity was measured as described previously using Clocklab software (33, 34) . Feeding activity was determined by maintaining solitary caged animals and weighing food each day at ZT0 and ZT12 under normal LD 12:12 conditions. Gene Expression. In situ hybridization was performed essentially as described (27) , using 36-mer oligonucleotide probes (IDT) radiolabeled at the 3′ ends with 33 P via terminal I deoxynucleotidyl transferase (Gibco/Invitrogen) (Table  S1 ). SCN signal density was quantified using ImageJ 1.34s software (National Institutes of Health) and normalized to radioactive standards. Total liver or kidney RNA was prepared by using RNeasy Protect (Qiagen). Microarray (Agilent) experimental details and data have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus and are accessible through GEO Series accession no. GSE34444 (www.ncbi.nlm.nih. gov/geo/query/acc.cgi?acc=GSE34444). Microarray expression profiles were verified by quantitative multiplex-PCR using the Beckman Coulter GeXP system and were analyzed with Beckman Expression Profiler or Taqman RT-PCR. Multiplex PCR primers are listed in Table S1 .
Toxicology and Metabolic Studies. Mice were housed in a selective pathogenfree facility on corncob bedding with food and water ad libitum. In toxicology studies, 9-to 20-wk-old male mice were given i.p. injections of 300 mg/kg APAP (Sigma) prepared in PBS. For ALT measurements and histological analysis animals were killed by CO 2 inhalation 6 h after being treated at ZT0 or ZT12. Serum was analyzed by the Clinical Pathology Laboratory (University of Wisconsin, School of Veterinary Medicine). Sections from the left lobe of the liver were fixed in 10% (vol/vol) formalin and embedded in paraffin for staining with H&E and were examined by a blinded observer. For glutathione analysis, Western blots, and APAP metabolite analysis animals were treated with APAP or PBS at ZT11 and were killed 30, 60, or 90 min postdose. Glutathione levels were not affected by PBS treatment and were combined with data from untreated animals for analysis. Total glutathione (GSSG + GSH) was analyzed by HPLC of dinitrophenol derivatives (by B.P.J. using reagents and equipment graciously shared by Jeff Johnson's laboratory, University of Wisconsin, Madison, WI) (35) . Western blots were performed on S9 liver homogenates from WT and Bmal1 fx/fx
Cre
Alb liver harvested at ZT12. Blots were stained with an antibody raised against APAP protein adducts (a generous gift from Jack Hinson, University of Arkansas for Medical Sciences, Little Rock, AR) (20) . APAP metabolites were isolated by extraction in methanol as described by Dai et al. (36) with some modifications as detailed in SI Experimental Procedures. Microsomal APAP bioactivation was determined by measuring conjugation of APAP to N-acetylcysteine, with modifications detailed in SI Experimental Procedures (29) . Microsomal POR-dependent cytochrome c reductase activity was performed as previously described (37) .
Statistical Analysis. A Student t test, one-tailed to repeat previously reported findings as indicated or two-tailed for new comparisons, was used for single comparisons. For multiple comparisons, a general linear models ANOVA followed by Tukey's test was performed. A paired t test was used to test disruption between genotypes over matched time points in microarray data. COSOPT was used to identify cycling genes with a periodicity between 20 and 28 h.
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SI Experimental Procedures
Generation of Bmal1 fxneo Mice. To generate the conditional Bmal1 fx/fx mice, we first generated the Bmal1 fxneo line through homologous recombination in embryonic stem cells. Generation of the Bmal1 fxneo -targeted allele involved amplifying 7.8-kb and 2.0-kb regions of homology to the Bmal1 genomic DNA isolated from BAC DNA (Genome Systems). The 2.0-kb short arm homology region was cloned into a targeting vector (PL1169), which contains the neomycin resistance gene flanked by Frt sites for later excision by Flp recombinase (1), to generate PL2025. A 0.6-kb region encompassing exon 4, the region encoding the basic helixloop-helix (bHLH) domain, was amplified from Bmal1 genomic DNA, and a loxP site was added to the 3′ end in opposite orientation. The exon 4 region was cloned into to the SalI site of PL2025 to generate PL2027. This cloning step produced a floxed bHLH domain because the targeting vector contained an internal loxP site. Finally, the 7.8-kb long arm of homology was cloned into the SacII site of the targeting vector to produce the final Bmal1 fxneo -targeting construct (PL2029) (Fig. 1A) . Correct cloning and orientation of the various molecular components of the targeting construct were verified at each step by sequencing and diagnostic restriction digests. Homologous recombination in GS1 embryonic stem cells (Genome Systems) was performed as described previously (2) . Embryonic stem cell clones were screened for homologous recombination by Southern blot of EcoRI-digested genomic DNA using a 180-bp probe amplified from PL1225 using the OL2281/2283 primer pair. This probe is located just upstream of the 5′ end of the targeting construct. Correctly targeted clones were injected into 3.5-d postcoital C57BL/6J blastocysts, and resulting chimeras were backcrossed to C57BL/6J mice to determine germline transmission of the targeted allele and were verified by Southern blot of tail biopsies (Fig. 1B) . Animals transmitting the Bmal1 fxneo mutation, which included the exon 4 region flanked by loxP sites and the neomycin resistance gene flanked by Frt sites, were backcrossed to C57BL/6J mice. (Fig. 1A) (1). Progeny testing positive for Flp were further screened for excision of the neomycin cassette through Flp recombination, leaving a single Frt site remaining. Identification of the neomycin-excised allele was accomplished through PCR amplification of the region surrounding the remaining Frt site in the excised allele using OL5439/ 5440 (Fig. 1C) . After confirmation of neomycin excision, mice carrying the floxed exon 4 and the Flp transgene (Bmal1 fx/+ Flp Rosa ) were backcrossed to C57BL/6J to remove the Flp Rosa transgene and produce the parental line (Bmal1 fx/+ ). Mice heterozygous for the Bmal1 fx/+ allele were backcrossed to C57BL/6J for four generations and then were intercrossed to produce homozygous conditional Bmal1 fx/fx mice. Routine genotyping of the conditional allele was accomplished with OL6013/5436, which detected the presence of the intact loxp site immediately downstream of exon 4 (Fig. 1C) . To confirm that expression from the Bmal1 fx/fx allele was similar to that of the wild-type allele, we performed a Northern blot analysis of 3 μg polyA RNA isolated from whole brain using the RNeasy Lipid Kit (Qiagen) (Fig. 1E) . The probe used to detect Bmal1 was a 600-bp fragment generated from a KpnI digest of a Bmal1 image clone (clone no. 3980719; Open Biosystems). While this is the first formal publication on the creation of this mutant mouse line (Arntl tm2Bra ), it has been widely distributed and used in previous publications (3). Genotyping for the Cre transgene was performed by PCR on DNA isolated from tail biopsies using the forward primer OL2642 (5′-TGCCTGCATTACCGGTCGATGC) and the reverse primer OL2643 (5′-CCATGAGTGAACGAACCTGGTCG) in a reaction consisting of 2. Analysis of Bmal1 fx excision was carried out by multiplex PCR using the forward primers OL6013 (5′-ATT CAC CTT TTG GGG AGG AC) and OL5436 (5′-CCC TGA ACA TGG GAA AGA GA) in combination with the reverse primer OL6014 (5′-TCA TCA GAG GAA CCA GGG TAA). The primer pair OL6013/5436 amplifies both the wild-type and the intact conditional alleles. The wild-type Bmal1 + allele generates an ∼310-bp band, whereas the Bmal1 fx allele generates an ∼360-bp band because of the addition of the loxP sequence. The excised allele is amplified with the OL6013/6014 primer pair and generates an ∼450-bp band because of the loss of the floxed region and residual loxP and Frt sites remaining after excision (Fig. 1F) . The reaction consists of 2.5 units Taq polymerase (Promega), 50 mM KCl, 10 mM Tris·HCl (pH 9.0 at 25°C), 3.0 mM MgCl 2 , 1% Triton X-100, 200 μM dNTP, and 0.1 μM of each primer. The PCR was carried out for 31 cycles (30 s at 95°C; 30 s at 61°C; 10 s at 72°C). To evaluate the specificity of Cre excision events, PCR was performed on genomic DNA isolated from liver, spleen, kidney, muscle, heart, brain, and SCN obtained from Bmal1 
Cre
Alb mice by standard phenol/chloroform extraction methods (Fig. 1F) .
APAP Liver Extraction and Measurement. Frozen liver (∼70 mg) was combined with nine volumes of ice cold methanol in a microcentrifuge tube, was minced and homogenized with a Polytron (Kinematica), and was kept on ice. Five hundred microliters of the homogenate was transferred to a new tube containing 50 μL perchloric acid and was vortexed for 1 min to precipitate proteins. Samples then were centrifuged at 13,000 × g for 10 min at 4°C, and the supernatant was filtered through a 0.2-μm nylon filter. For quantification the samples were injected onto an Agilent 1100 HPLC consisting of a binary pump, autosampler (4°C), column thermostat (35°C), diode array detector, and fraction collector (Agilent). Samples (50 uL) were separated by a Varian Microsorb column (5 um × 250 mm, C18), and peaks were detected at 254 nm. A gradient elution was used consisting of mobile phase A (4% methanol and 0.1% formic acid) and mobile phase B (acetonitrile and 0.1% formic acid): 0-4 min 100% A; 4-5 min 0-4.7% B; 5-13 min 4.7% B; 13-15 min 4.7-15% B; 15-20 min 15% B; 20-22 min 15-0% B. Metabolite standards APAP-Gluc, APAP-NAC, APAP-sulfate, and APAP-Cys were a generous gift from McNeil Laboratories. A standard sample made up of APAP, APAP-Gluc, APAP-NAC, APAP-Cys, and APAP-sulfate was injected several times each day to ensure the accuracy of peak identification and the stability of samples in the autosampler.
Microsomal metabolism of APAP was determined as previously described, with some modifications (6) . Bioactivation of APAP to NAPQI was captured by conjugation to the glutathione analog N-acetyl-cysteine. APAP-NAC formation was quantified in 500-uL incubations containing microsomes (0.5 mg/mL), N-acetyl-cysteine (10 mM; Sigma), APAP (1 mM; Sigma) in 100 mM sodium phosphate (pH 7.4). Reactions were preincubated for 3 min at 37°C before the addition of NADPH (final concentration 2 mM) to start the reaction. Samples were incubated for 30 min at 37°C on a shaking incubator, after which reactions were terminated by the addition of 20 uL of 43% phosphoric acid. Samples were centrifuged at 13,000 × g for 10 min at 4°C, and the supernatant was frozen at −80 until HPLC analysis. HPLC determination of APAP-NAC was carried out using the conditions described above. Cre Alb mice (related to Fig. 2 ). Line tracings of log 2 sample/ reference control ratios were generated from microarrays hybridized with RNA harvested over two separate days. WT, open circles; Bmal1 fx/fx
Alb , filled squares. The first six time points consisted of RNA pooled from at least three individual 10-wk-old mice per time point; the last six time points consisted of RNA pooled from three individual 20-wk-old mice per time point. These genes relevant to APAP toxicity include those encoding the potentially bioactivating cytochromes P450 Cyp2e1, Cyp1a2, and Cyp3a11, along with the cytochrome P450 electron donor Por (1-3) . Genes encoding potentially detoxifying enzymes that also were investigated include glutathione transferase Gstp1, the glucuronosyltransferases Ugt1a1, Ugt1a6, and Ugt1a9, quinone reductase Nqo1, and the sulfotransferase Sulf1a1 (4). Additional genes investigated that potentially are relevant to APAP-induced toxicity include those with roles in the glutathione synthesis pathway (Gss, Gclc, and Gcmc), oxidative stress response (Nrf2), the xenobiotic export proteins Mdr1-4 (Abcc1-4), and p-glycoprotein (Abcb1a and Abcb1b) (5, 6). 
Alb mice relative to WT mice, despite a trend toward increased total P450 per milligram of protein (n ≥ 6). Microsomal P450 activity, total cytochrome P450, and POR activity were determined as previously described (1-4) .
